The cooling of ionic species in the gas phase greatly simplifies the UV spectrum, which is of special importance to study the electronic and geometric structures of large systems, such as bio-related molecules and host-guest complexes.
Introduction
Calixarenes (CAs) are macrocycle compounds consisting of phenol units, and exhibit encapsulation and self-assembly. 1 Their cup-like forms provide cavities to include guest species and show the guest selectivity, which can be controlled by the ring size and introduction of functional groups. Alkali metal ion-CA complexes were extensively studied as simple systems of charged guest-CA complexes. Izatt and coworkers examined cation transport through a liquid membrane system containing CA carriers and discussed the selectivity of alkali metal ions by CAs. 2 In condensed phase, the conformation of CA complexes with alkali metal ions was determined by X-ray diffraction and NMR spectroscopy. 3 The stoichiometry of CA complexes and the guest selectivity of CAs in solutions were studied by mass spectrometric methods, coupled with electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI). [4] [5] [6] [7] [8] In organic chemistry, Shinkai and coworkers synthesized a number of CA derivatives and succeeded to control their conformations, such as cones and partial cones. [9] [10] [11] [12] [13] They also demonstrated that the metal ion selectivity of CAs is highly dependent on their conformations. Furthermore, Haino and coworkers synthesized polymeric compounds formed with CAs and guest species such as fullerenes. 14 Laser-based spectroscopy for complexes in the gas phase, coupled with cooling techniques such as free jet expansion and cold ion traps, is also useful for determining the complex structure without the interference from solvent. The cooling of neutral or ionic species in the gas phase greatly simplifies the UV spectrum, which makes it possible to separate features from different stable conformers and examine the electronic and geometric structures individually. Concerning spectroscopy of CAs in the gas phase, we have investigated the structure of cold inclusion complexes of calix [4] arene (C4A) with neutral guests such as rare gas atoms, water, ammonia, molecular nitrogen, methane, and acetylene, under free jet conditions. [15] [16] [17] [18] The experimental and theoretical results suggest that all the inclusion complexes of C4A preferentially form endo complexes (the guests are inside the C4A cup). In addition to the ability of inclusion, the electronic structure of C4A is also of great interest. Bare C4A has C 4 symmetry with its four phenol moieties, which interact with each other via through space interaction. As a result, C4A exhibits weak S 1 -S 0 transition at 35357 cm -1 and strong S 2 -S 0 transition at 35521 cm -1 . 15 It will be quite interesting how the inclusion of ionic species affects the geometric and electronic structure of C4A.
For electronic spectroscopy of ionic species, ultraviolet photodissociation (UVPD) spectroscopy is a very powerful technique. Boyarkin, Rizzo, and their coworkers reported pioneering works for UVPD spectroscopy of cold protonated amino acids with a cold, 22-pole ion trap. [19] [20] Kim and coworkers extensively studied UVPD spectroscopy of ion encapsulation complexes of benzo-crown ethers. [21] [22] [23] [24] [25] [26] Recently, we have investigated benzo-crown ether complexes with metal ions and their hydrated species, coupled with IR-UV double resonance spectroscopy, to determine the structure and the number of conformers and to shed light on the origin of the ion selectivity. [27] [28] [29] [30] [31] In the present study, we construct a mass spectrometer for UVPD spectroscopy, equipped with an ESI ion source and a cold, quadrupole Paul ion trap (QIT). Firstly we determine the ion temperature in the QIT by measuring UVPD spectra of benzo-18-crown-6 (B18C6) complex with potassium ion, K + •B18C6. In our previous paper, we have measured a UVPD spectrum of cold K + •B18C6 in a cold, 22-pole ion trap. 28 We estimate the ion temperature of K + •B18C6 in the QIT by comparing the UVPD spectra using the QIT and the 22-pole ion trap. Then we observe a UVPD spectrum of C4A complex with potassium ion, K + •C4A. We determine the geometric and electronic structure of the K + •C4A complex from the UVPD spectrum, with the aid of quantum chemical calculations. In UVPD experiments described above, the RF voltages to the OPIGs are generated by RF power supplies, which are constructed on the basis of the RF circuit by
Experimental and computational methods
Jones and Anderson. 34 The QIT is driven by a power supply for QITs (Jordan TOF Products D-1203). The pulsed voltage to the exit end cap for ejecting the fragment For the SHG, we use a commercial servo system (Inrad Autotracker II) with a KDP crystal. The UV laser is focused into the QIT loosely by using a quartz lens with a focal length of 3000 mm. A typical output energy of the UV laser used in this study is ~0.2 mJ/pulse.
We also perform quantum chemical calculations for the K + •C4A complex and bare C4A. The geometry optimization is performed at the M05-2X/6-31+G(d) level of theory using the GAUSSIAN09 program package. 35 The transition energy and the oscillator strength are obtained theoretically by time-dependent density functional theory (TD-DFT) calculations at the M05-2X/6-31+G(d) level.
Results and discussion
First we estimate the ion temperature in our cold QIT by observing UV spectra of K + •B18C6. Figure 2 shows the UVPD spectra of the K + •B18C6 complex in the 35900-36300 cm -1 region; these spectra are measured by detecting the fragment K + ion. In our previous study, we have measured the UVPD spectrum of K + •B18C6 using a cold, 22-pole ion trap ( Fig. 2a ). 28 The origin band appears at 36101 cm -1 , and a weak hot band is seen at 36071 cm -1 . We estimated the ion temperature in Fig. 2a to be ~10 K from the relative intensity and frequency of the hot band. 28 The UVPD spectra in Figs. 2b and 2c are measured in the present study. When the ion cooling is not so sufficient ( Fig. 2b) , the relative intensity of the hot band at 36071 cm -1 to the origin band is higher than that in Fig. 2a ; the vibrational temperature of K + •B18C6 in Fig. 2b is estimated as ~35 K, which is a typical value with cold Paul ion traps. 21, [36] [37] In addition, the width of each vibronic band in Fig. 2b is larger than that of the cold spectrum in Fig.   2a . Broad features on the lower frequency side of each band maximum were ascribed to hot bands accompanied by the hot band at 36071 cm -1 . 21 However, by taking a great care of avoiding the heat flow from electric connections and the He gas line and by optimizing experimental conditions such as the trapping time and the intensity of the UV laser, we can finally obtain a colder UV spectrum, as shown in Fig. 2c . The width of each band becomes sharper than that in Fig. 2b , and no noticeable hot band is seen at 36071 cm -1 . From the comparison of the spectra in Figs. 2a and 2c , we estimate the ion temperature in our QIT (Fig. 2c) to be ~10 K. This result indicates that ions can be cooled to ~10 K even by using Paul ion traps. One can find the difference in the relative intensity of the progression above 36140 cm -1 to the origin band between Figs. 2a and c. This is probably due to the saturation effect on the UVPD spectrum in Fig.   2a . In the measurement of the spectrum in Fig. 2a , the UV laser power was ~1.5 mJ/pulse (though the photon density in the 22-pole ion trap was not measured), which overly enhanced the relative intensity of the weak bands above 36140 cm -1 to the origin band. For the UVPD spectrum in Fig. 2c , we decrease the UV power as low as possible to avoid the saturation (the intensity of the fragment K + ion in Fig. 2c is about ~20 % of that in Fig. 2b ). However, since the intensity of the vibronic band at 36126 cm -1 relative to the origin band at 36101 cm -1 , which was used for the evaluation of the vibrational temperature, does not change so much between Figs. 2a and 2c , the previous temperature estimation of the K + •B18C6 complex in Fig. 2a as ~10 K is still reliable. 28 Then we observe a UVPD spectrum of the K + •C4A complex by using our cold QIT. Figure 3 shows the UVPD spectrum of the K + •C4A complex in the 35700-36600
cm -1 region. The spectrum is measured by monitoring the yield of the fragment K + ion.
Since the ion intensity of the K + •C4A complex is much weaker than that of the K + •B18C6 complex in our experiment, the signal to noise ratio of the UVPD spectrum ( Fig. 3) is not good compared to that of K + •B18C6 (Fig. 2) . In spite of the disadvantage of the ion intensity, the cooling of the ions to ~10 K enables us to observe weak but sharp vibronic bands clearly for K + •C4A. A very weak but reproducible band is observed at 36018 cm -1 with a bandwidth of ~1.8 cm -1 (FWHM). Since no band is observed on the lower frequency side, the band at 36018 cm -1 can be assigned to the origin band of the S 1 -S 0 transition. Jet-cooled C4A shows the origin band of the S 1 -S 0 transition at 35357 cm -1 ; the attachment of K + ion shifts the electronic transition of C4A to the blue by ~660 cm -1 . 15 Such a large blue shift is observed also for the K + •(dibenzo-18-crown-6) complex. 27 As seen in Fig. 3 , low-frequency progressions are observed from the origin and other low-frequency bands with an interval of ~38 cm -1 . The spectrum is quite congested in the 36000-36400 cm -1 region, but a strong band clearly appears at 36156 cm -1 , highlighted by an arrow in Fig. 3 . In addition, another strong band is found at 36515 cm -1 .
Based on calculated results of stable isomers and electronic transitions, we attribute the structure of the K + •C4A complex in our experiment to an endo isomer. Figure 4 displays the stable structure of C4A and K + •C4A calculated at the M05-2X/6-31+G(d) level of theory. Bare C4A has a C 4 structure with all the phenol components identical (C4A-I in Fig. 4a ). 15 In the case of the K + •C4A complex, the most stable structure (KC4A-I in Fig. 4b ) has its K + ion inside the cup (an endo form).
The K + ion in the second and the third most stable structures (KC4A-II and KC4A-III)
is located outside of the C4A cup (exo forms), attached to one of the benzene rings and to two of the four oxygen atoms, respectively. The total energy of these isomers relative to that of the most stable one is quite large (97 and 101 kJ/mol), suggesting that the K + •C4A complex has KC4A-I form. This structural assignment of K + •C4A is confirmed by the results of the TD-DFT calculations. Table 1 shows the calculated transition energies and oscillator strengths for C4A and K + •C4A. We have demonstrated in our previous study that the relative transition energy of stable isomers obtained by TD-DFT calculations can be used for the structural determination, whereas the absolute values are not consistent to the observed energies. 28 As seen in Table 1 , isomers KC4A-I and KC4A-III show the blue shift of the S 1 -S 0 transition compared to that of bare C4A (C4A-I). In the case of KC4A-III, the oscillator strengths to the S 1 , S 2 , and S 3 states have the same order of magnitude. For KC4A-I, in contrast, the oscillator strength to the S 1 state is substantially weaker (almost zero) than that to the S 2 and S 3 states, which reproduces the spectral features of the K + •C4A complex in Fig. 3 much better than KC4A-III. Hence we conclude that the K + •C4A complex in our experiment has KC4A-I form. The binding energy between K + and C4A for KC4A-I is calculated to be 1.95 eV (15700 cm -1 ); this is consistent to the experimental result that the fragment K + ion is formed by the UV excitation of K + •C4A in the 36000-36600 cm -1 region.
In KC4A-I (Fig. 4b) , two of the four benzene rings hold the K + ion cooperatively, changing the symmetry from C 4 (bare C4A) to C 2 . In Fig. 4 , the tilting angle of the benzene rings with the principal axis (C 4 or C 2 axis) is shown. The angle of two benzene rings in KC4A-I is substantially lower (13.2˚) than that of C4A (34.1˚), but the other two benzene rings have a larger angle (55.7˚). The distance between the centers of two opposite benzene rings in KC4A-I is 5.77 and 7.63 Å, whereas that of C4A-I is 6.83 Å. We also show the structure of H 2 O•C4A complex ( Fig. 4e) determined in our previous study. 17 The water molecule is included inside the cup of C4A, but the tilting angles (33.2˚ and 37.0˚) are almost the same as that of bare C4A.
Bare C4A forms a hydrogen-bonded ring at the bottom of the cup with four OH groups.
The OH stretching vibration of these OH groups is observed at 3158 cm -1 , which is substantially lower than that of phenol dimer or trimer. 15 This indicates that the four OH groups are strongly hydrogen-bonded in bare C4A. The rigid cup structure of C4A is almost kept in inclusion complexes of neutral guests. [15] [16] [17] [18] However, the cation-π interaction between the K + ion and the benzene rings highly distorts the C4A cavity to fit the cup size to the K + ion and maximize the binding energy. Figure 5 shows the comparison of the UVPD spectrum for the K + •C4A complex with the UV spectrum of jet-cooled C4A; these spectra are plotted as a function of UV wavenumber relative to that of the origin band. 15 One can find similar spectral patterns between C4A and K + •C4A, namely a weak S 1 -S 0 transition and strong S 2 -S 0 and S 3 -S 0 transitions. This similarity implies that C4A still keeps a high symmetry upon the complex formation with K + , supporting the assignment of the K + •C4A structure to KC4A-I (C 2 symmetry). For C4A, the S 1 state and the S 2 state, which is located ~164 cm -1 above the S 1 state, have species A and E in C 4 symmetry. 15 For the K + •C4A complex, the origin band at 36018 cm -1 and the strong bands at +138 and +497 cm -1 can be assigned to the electronic transitions to the S 1 (A), S 2 (B), and bond, or perpendicular to the C 4 axis of C4A. 38 Therefore, the transition dipole moment of C4A with species A, which is formed by a linear combination of the transition dipole moments of the phenol parts, is very small, giving a very weak band of the S 1 (A)-S 0 (A) transition. The UVPD spectrum of K + •C4A (Fig. 5a ) and the structure of KC4A-I (Fig. 4b ) suggest that the above situation of the S 1 -S 0 transition for C4A is likely to be kept also for K + •C4A. Figure 6 displays the molecular orbitals (MOs) of KC4A-I that contribute the most to each electronic transition. Similar to the case of C4A, the transition dipole moment on each phenol component seems to be almost perpendicular to the C 2 axis in K + •C4A; for instance, comparing the MOs of the S 2 -S 0 transition ( Fig. 6b ) and finding the difference between them, one can recognize that the transition dipole moments of the phenol components are perpendicular to the C 2 axis.
Therefore, the resulting transition dipole moment along the C 2 axis is very small, and the S 1 (A)-S 0 (A) transition is very weak also for K + •C4A. As seen in Fig. 6b , the MOs localized on the pair of the benzene rings close to K + involve in the S 2 -S 0 transition, having a local excitation nature. In contrast, the S 3 -S 0 transition has a charge transfer character from one pair of the benzene rings to the other (Fig. 6c ). Concerning the low-frequency progression with the interval of ~38 cm -1 around the origin band, a totally symmetric intermolecular vibration may involve in it. One candidate of the normal mode of KC4A-I is shown in Fig. 1S of the Supporting Information. This is the lowest-frequency vibration (47 cm -1 ) of KC4A-I in the S 0 state and can be expressed as a large-amplitude deformation motion of the C4A cup.
Summary
We have constructed a mass spectrometer equipped with an ESI source and a cold, quadrupole Paul ion trap (QIT). To determine the ion temperature in our QIT, we have measured the UVPD spectra of the K + •B18C6 complex, and estimated the ion temperature to be ~10 K. We then have observed the UVPD spectrum of the K + •C4A complex. The spectrum shows a very weak band at 36018 cm -1 and a strong one at 36156 cm -1 , with low-frequency (~38 cm -1 ) progressions.
In the geometry optimization of the K + •C4A complex, we found three stable isomers. On the basis of the total energy and the results of the TD-DFT calculations, we attribute the structure of the K + •C4A complex to the endo isomer (KC4A-I), in which the K + ion is located inside the cup. Isomer KC4A-I has C 2 symmetry, whereas bare C4A takes a C 4 structure.
The symmetry reduction form C 4 to C 2 induced by the attachment of the K + ion will provide a different infrared spectrum other than that of bare C4A. 15 Izatt and coworkers suggested that C4A derivatives show the greatest selectivity for Cs + among alkali metal ions. 2 Klinowski and coworkers concluded in their solid-state NMR studies that C4A-based molecules hold Cs + ion inside the cup, but Li + and Na + ions are bonded to the phenolic oxygens. 3 The application of UVPD spectroscopy to other alkali metal ion-CA complexes and the measurement of their IR-UV spectra will be of great interest and our future work.
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